M olecular therapeutics, targeting the underlying defects leading to cancer initiation and progression, are the ''holy grail'' of cancer research, translation, and therapy. This quest has taken a major leap forward with the demonstration that STI571 (Gleevec) induces clinical remissions in over 90% and molecular remissions in 10-20% of patients with IFN-refractory chronic phase chronic myelogenous leukemia (CML). The efficacy of STI571 in CML has been shown to be caused by the requirement of the bcr͞abl fusion protein, unique to CML, for its initiation and progression, requiring molecular diagnostics to identify sensitive patients. A plethora of molecular therapeutics targeting signal transduction pathways are under evaluation. Despite the presence of the target in normal cells, the drugs have, in general, been remarkably nontoxic as compared with conventional chemotherapy or radiation therapy (see Fig.  1 ). As expected, these agents exhibit little, if any, activity in tumors where the target is not amplified or activated. Thus individualization of therapy driven by effective molecular diagnostic approaches to determine the status of the targets in patients' cancers is as essential a component of a molecular therapeutics program as is the identification and validation of new targets or the development of novel targeted drugs.
CCI-779, a homolog of the macrolide antibiotic, rapamycin, which exhibits better pharmacologic characteristics than rapamycin, has been under evaluation as an anticancer agent (1, 2) . Although rapamycin and CCI-779 exhibit activity against multiple tumor cell lines in vitro and in vivo, it has not previously been possible to predict which tumors will respond to the effects of rapamycin based on cell lineage or the presence of specific genetic abnormalities. In this issue of PNAS, two manuscripts (3, 4) demonstrate that CCI-779 decreases the growth of tumors containing mutations in the PTEN (a.k.a. TEP and MMAC1) tumor suppressor gene in vitro and in vivo. Thus molecular diagnostics that can identify tumors with abnormalities in PTEN function may predict response to CCI-779, identifying a population of patients likely to benefit from therapy.
The effects of CCI-779 on growth of PTENϪ͞Ϫ embryonic stem cells or on spontaneous tumors in heterozygous PTENϩ͞Ϫ mice were maintained throughout the course of treatment. Tumor growth, however, resumed after cessation of therapy, indicating that CCI-779 was cytostatic. In addition to inducing a G 1 arrest, rapamycin can induce apoptosis, a process that can be linked to the presence of an aberrant G 1 checkpoint caused by loss of p53 or p21 function (2, 5) . The effects of rapamycin on apoptosis also can be revealed by concurrent treatment with conventional chemotherapy or radiation (6, 7). It may thus be possible to design therapeutic combinations with CCI-779 that will convert the cytostatic effects of CCI-779 to a cytotoxic effect. An alternative paradigm is long-term therapy, converting cancer from a rapidly lethal condition to a chronic disease.
Rapamycin and CCI-779 also may demonstrate therapeutic efficacy that is independent of direct tumor cytostasis or apoptosis. At least one cell line, which is resistant to rapamycin in vitro, is sensitive to rapamycin in vivo (7) . Further, rapamycin has been demonstrated to inhibit the proliferation of endothelial cells, production of neovascularizing factors, and the production and activation of proteinases, suggesting that rapamycin may inhibit neoangiogenesis or tumor-stromal interactions in vivo (2, 8, 9) .
Rapamycin and CCI-779 selectively bind FKBP12, inhibiting the activity of the TOR͞ RAFT͞FRAP (TOR, target of rapamycin, ref. 10). Inhibition of TOR interferes with the activation of its downstream targets, p70S6 kinase and 4E-BP, resulting in decreased translation of mRNAs with a 5Ј terminal oligopolypyrimidine tract and CAP-dependent translation, respectively.
TOR is a member of the phosphatidylinositol 3-kinase (PI3K) protein super family of serine threonine kinases. This family includes the catalytic subunits of PI3K, the ataxia telangiectasia mutated gene, and the related ATR protein, the PAF400 and TRRAP components of the histone acetylase complex, and the DNA-dependent protein kinase (11, 12) . PI3K has the unique additional ability to phosphorylate membrane phosphatidylinositols on the 3 site of the inositol ring.
PTEN originally was identified by the late Peter Steck and Ramon Parsons by its localization at a site of loss of heterozygosity and deletions on chromosome 10q23 in human cancers (13, 14) . It was simultaneously identified as a transforming growth factor ␤-regulated gene by Li and Sun (15) . PTEN selectively dephosphorylates the same site in membrane phosphatidylinositols phosphorylated by PI3K, an activity that is clearly linked to the tumor suppressor activity of PTEN (11, 12) . PTEN also can dephosphorylate proteins and polyphosphoinositols. The roles of the latter processes in the tumor suppressor role of PTEN are less well characterized.
The PI3K pathway is constitutively activated in cells with abnormalities in PTEN. Lack of functional PTEN results in a cell autonomous accumulation of phosphatidylinositol 3,4,5P3, which leads to the recruitment to the membrane and activation of a subset of pleckstrin homology, Phox, and C1 and C2 domain-containing proteins (11, 12) . Introduction of a wild-type PTEN gene into cancer cell lines lacking functional PTEN protein decreases signaling through the PI3K pathway as indicated by a decrease in phosphatidylinositol 3,4,5P3 levels and alterations in downstream events including activity, phosphorylation, or localization of See companion articles on pages 10314 and 10320.
AKT, PDKI p70S6K, GSK3-␣, GSK3-␤, Bad, 4E-BP1, ␤-catenin, NFB, and Forkhead, increased expression of p27Kip1, decreased cyclin D1 and myc expression, and HIF1 stabilization (11, 12) . Each of these proteins plays a role in the regulation of cell cycle progression, cell differentiation, or apoptosis. Indeed, PTEN can induce growth arrest or apoptosis in cells with aberrant PTEN dependent on the presence of exogenous growth factors or ligation of integrins (16) . PTEN efficiently augments anoikis, apoptosis that occurs after detachment from the extracellular matrix, suggesting that PTEN regulates the metastatic cascade (16) . Many of the effects of PTEN can be ameliorated by activated AKT, suggesting that AKT may be a major downstream target for the function of PTEN. Importantly, enforced expression of high levels of PTEN in cells with normal PTEN function has only modest effects on cell signaling, proliferation, or viability (11, 12) . This finding suggests that drugs targeting the PTEN signaling pathway may have limited effects on normal cells, decreasing their toxicity. In support of this contention, CCI-779, at doses that decreased the proliferation of PTEN mutant tumors in mice, did not demonstrate deleterious side effects (3, 4) .
PTEN is functionally compromised in advanced tumors from a number of different cell lineages, suggesting a function in tumor progression. The development of cancers in individuals with germ-line mutations in PTEN, in mice with mutant PTEN, as well as a high frequency of PTEN mutations in endometrial hyperplasia suggests that PTEN also may play a role in tumor initiation (3, 4, (11) (12) (13) (14) (15) . However, even in lineages where PTEN mutations are relatively frequent, only a portion of tumors exhibit aberrant PTEN function requiring molecular diagnostics to identify the full spectrum of patients whose tumors are likely to be responsive to molecular therapeutics targeting the PTEN pathway. As PTEN function can be compromised by multiple mechanisms, the development of molecular diagnostics to identify the status of PTEN in patient tumors may prove complex. Somatic PTEN mutations are found in approximately half of gliomas, and prostate, endometrial, and endometrioid ovarian cancers (11) (12) (13) (14) (15) . Loss of heterozygosity of PTEN and silencing of the remaining allele is a frequent event in melanoma, leukemia, prostate, and endometrial cancers (17) (18) (19) . In addition to methylationdependent silencing, PTEN is functionally inactivated in a high proportion of leukemia and lymphomas by methylation-independent mechanisms (20) . PTEN protein stability and enzyme activity can be regulated by posttranslational modification including serine, threonine, and tyrosine phosphorylation (refs. 21 and 22; data not shown). A global molecular diagnostic approach assessing the function of the PTEN-regulated signaling pathways in cancers isolated directly from the patient will be necessary to identify the complete spectrum of tumors that may respond to CCI-779.
In the studies in this issue of PNAS, mutation in PTEN was associated with phosphorylation, activation, or translocation to the membrane of AKT, p70S6 kinase, TOR, and 4E-BP (3, 4). The increased phosphorylation of p70S6 kinase was reversed in vitro and in vivo by incubation with CCI-779. However, the degree of inhibition of p70S6 kinase by CCI-779 in tumors in vivo was not sufficient to indicate outcome as CCI-779 inhibited p70S6 kinase equally in responsive and unresponsive tumors (3). Nevertheless, inhibition of p70S6 kinase phosphorylation or activity may provide a surrogate marker for efficacy of CCI-779 during therapy. This finding may be particularly important as at effective doses CCI-779 does not exhibit significant toxicity, precluding the use of the minimum tolerated dose as a mechanism to guide phase II and III studies. In ovarian cancer samples directly from the patient, down-regulation of PTEN expression was associated with an increase in AKT1 and AKT2 phosphorylation and activity (23, 24) . This finding suggests that analysis of phosphorylation or activation of downstream targets of the PTEN͞PI3K pathway may identify a broader spectrum of patients responsive to the effects of CCI-779 than would mutational analysis alone. This hypothesis is supported by the observation that multiple cell lines with normal PTEN are sensitive to rapamycin or CCI-779 (2, 7). We have demonstrated that ovarian cancer cells lines with intact PTEN, but with amplification and activation of PI3K, are as sensitive to rapamycin as are PTEN mutant cells (data not shown). Further, DU145, which has intact PTEN, is sensitive to rapamycin potentially because of amplification of AKT3 and subsequent activation of TOR (25) . Inactivation of PTEN function also may not be Fig. 1 . Normal cells have multiple functional signaling pathways. These signaling pathways exhibit a complex array of cross connections. When a specific signaling event is acutely inhibited, normal cells likely have multiple mechanisms available to bypass the effects of the blockade. Indeed, the lack of phenotype or modest phenotype in many knockout mice is compatible with this model. Alternatively, normal cells may be able to enter a resting state when specific signaling pathways are inhibited. In the addiction or genomic instability model, the genomic instability that is necessary for tumor initiation and progression may contribute to a loss of alternative signaling pathways. When a cell is driven by a specific molecular event, there may be little selective pressure to maintain additional signaling pathways contributing to the loss. Thus acute inhibition of the driving pathway with molecular therapeutics may result in growth inhibition and apoptosis. In the proapoptotic model, growth stimuli may both induce proapoptotic and antiapoptotic signals. This may also explain the counterintuitive increase in proapoptotic molecules in multiple tumors. In the presence of signal transduction inhibitors, production of both antiapoptotic or proapoptotic signals is blocked. If the proapoptotic signal is long-lived or irreversible, the tumor cell would then undergo apoptosis. This model is compatible with the observation that introduction of multiple different oncogenes renders cells more sensitive to inhibitors of those oncogenes than parental cells. Indeed as discussed herein, introduction of activated PI3K or AKT renders cells sensitive to the effects of CCI-779 and in the case of PI3K, LY294002. These differential effects may provide the therapeutic index that allows molecular therapeutics to be successful in cancer management.
sufficient to predict sensitivity to CCI-779 as cells with amplified myc have been reported to be resistant to rapamycin. In support of this contention, MG132, which has a mutation in PTEN, has been reported to be resistant to rapamycin (2, 7) . To better evaluate the function of the PTEN signaling cascade, we and others have begun to characterize the PTEN and PI3K-dependent transcriptome in an effort to identify changes in mRNAs or proteins that may be diagnostic of abnormalities at any location in the PTEN pathway.
In addition to functional activation of the PTEN͞PI3K pathway by transmembrane signaling and oncogenes, multiple components of the pathway are aberrant in tumor cells. Two of the catalytic subunits of PI3K, p110␣ and p110␤, are located within a large amplicon on chromosome 3q, which is present in ovarian, head and neck, cervix and nonsmall cell lung cancers (12, 26) . Some ovarian cancers demonstrate amplification of the p85␤ regulatory subunit of PI3K. A truncated activated p85 subunit, which has transforming activity, has been identified in tumors of the hematopoietic lineage. The downstream PTEN͞PI3K targets, AKT2 and AKT3, frequently are genomically amplified in ovarian and pancreatic cancers as well as in a lesser portion of breast cancers (28) and amplified in hormonally unresponsive breast and prostate cancers (25) , respectively. p70S6 kinase is located at a site of amplification and is increased in breast cancers (28) . This observation suggests that the spectrum of tumors responsive to therapy with CCI-779 may extend beyond those with aberrant PTEN function. Indeed, rapamycin reverses transformation of chicken embryo fibroblasts induced by activated PI3K or AKT, but not by multiple other oncogenes including src and RAS (29) . In support of this concept, CCI-779 blocked the growth of a prostate cancer cell line expressing activated AKT at concentrations that were without activity on the parental line (3) .
Abnormalities in signaling through the PTEN͞PI3K pathway can render cells sensitive to the effects of molecular therapeutics in addition to CCI-779 and rapamycin. Inhibition of the integrin-linked kinase, which is regulated by PI3K and a potential regulator of AKT, with either genetic or molecular therapeutic approaches induces a G 1 arrest followed by apoptosis in PTEN negative cells both in vitro and in vivo (30) . The PI3K inhibitors wortmannin and LY294002 have demonstrated marked antitumor activity both in vitro and in vivo (31, 32) . Cells with abnormalities in PTEN or amplification of PI3K are particularly sensitive to the effects of these inhibitors. Supportive of this concept, we have demonstrated that introduction of an activated PI3K into ovarian cancer cells, with intact PTEN and PI3K, increases their sensitivity to apoptosis induced by PI3K inhibitors (data not shown).
The studies in this issue of PNAS with CCI-779 have further established the PTEN͞PI3K pathway as a potential target for therapy in human cancer patients. As abnormalities in components of PTEN͞ PI3K can contribute to tumor initiation, this pathway also may be a target for cancer chemoprevention. Indeed, hexakisinositolphosphate, which inhibits PI3K activity, is being evaluated in chemoprevention models and trials (33) . Multiple biotech, pharmaceutical, and academic centers are developing novel agents targeting specific components of the PTEN͞PI3K pathway. It is likely that drugs targeting different components of the pathway will exhibit different mechanism-based activities and toxicities. The balance between efficacy and toxicity will likely be the major determinant of validity of particular targets. In addition, different abnormalities present in tumors may alter the sensitivity to molecular therapeutics targeting specific targets. Xenograft, transgenic, or knockout models driven by alterations that mimic changes in components of the PTEN͞PI3K pathway observed in human tumors will prove important for the selection and validation of molecular therapeutics targeting specific components of the PTEN͞PI3K pathway. Indeed, the utilization of multiple xenograft, transfected cell lines, knockout embryonic stem cells, and knockout murine models was critical to the validation of CCI-779 as a molecular therapeutic with selective activity in cells with abnormalities in PTEN (3, 4) .
Over the next several years, further dissection of the molecular pathways driving tumorigenesis and tumor progression will lead to the discovery and credentialing of new molecular targets. For these to be applied optimally in the clinic, molecular diagnostics must be coupled for appropriate patient selection. Continued molecular monitoring will be needed to ensure that resistant clones do not arise during drug exposure. The vision for the future is the design of low-toxicity, molecular-targeted cocktails focused to the specific pathway hierarchy of the patient's cancer.
